Background/Aims: Nogo-B, a member of the reticulon family of proteins, is mainly located in the endoplasmic reticulum (ER). Here, we investigate the function and mechanism of Nogo-B in the regulation of TLR4-associated immune responses in the macrophage cell line of RAW264.7. Methods: Nogo-B was up-and down-regulated through the use of appropriate adenoviral vectors or siRNA, and the effects of Nogo-B on macrophages under liposaccharide (LPS) stimulation were evaluated via western blotting, immunofluorescence, enzyme-linked immunosorbent assay (ELISA), flow cytometric analysis, and transwell assay. Results: Our data indicates that the protein of Nogo-B was down-regulated in a time-and dose-dependent manner following LPS administration in the macrophage. Nogo-B overexpression increased the production of inflammatory cytokines (MCP-1, TNF-α, IL-1β, and TGF-β), enhanced macrophage migration activities, activated major histocompatibility complex II (MHC II), and elevated the expression of macrophage scavenger receptor 1(MSR1), all of which suggest that Nogo-B is necessary for immune responses and plays an important role in regulating macrophage recruitment. Mechanistically, Nogo-B may enhance TLR4 expression in macrophage surfaces, activate mitogen-activated protein kinase (MAPK) pathways, and initiate inflammatory responses. Conclusion: These findings illustrate the key regulatory functions of Nogo-B in facilitating LPS-mediated immune responses through promoting the phosphorylation of MAP kinase.
Introduction
Toll-like receptors (TLRs) are pattern-recognition receptors which play critical roles in triggering innate responses and regulating adaptive immunity [1] . Thirteen TLRs have been found to specifically recognize different pathogen-associated molecular patterns (PAMPs) derived from invading microbes, such as cell surface lipids or proteins, and nucleic acids within the cytosolic endosomal compartments [2, 3] . In particular, the TLR4 receptor is well known to recognize liposaccharide (LPS), a common immunostimulatory bacterial membrane component located in the outer membrane of Gram-negative bacteria [4] [5] [6] . Transcription factor nuclear factor-κB (NF-κB) is the most important signaling molecule induced by TLRs, as it elicits the expression of immune and inflammatory genes, causing the secretion of cytokines and chemokines such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and monocyte chemoattractant protein-1 (MCP-1) to regulate innate and acquired immune responses [7, 8] . To date, various signaling molecules or proteins have been shown to regulate TLR pathways to prompt immunological homeostasis, and screening of these molecules is an effective approach to modulating innate immune responses.
Nogo-B, also known as RTN4-B1, ASY, RTNXs, and Foocen-M, is a reticulon superfamily protein located predominantly in the endoplasmic reticulum (ER) retrieval motif and less so in the cell surface [9] . Nogo has three isoforms: A, B, and C [10] . Nogo-A is the largest variant, mainly present in white-matter oligodendrocytes and identified to be a neuronal regeneration inhibitor, playing a variety of roles in neurodegenerative diseases. Nogo-C has been found to be expressed at high levels in skeleton muscles, but its functions are poorly documented [11] . As a splice variant of Nogo-A, Nogo-B is expressed ubiquitously in peripheral tissues [12, 13] and is involved in apoptosis regulation, vasculature remodeling, axonal regeneration, wound healing, and tissue repair as well as inflammatory processes [14] [15] [16] .
Recently, studies on Nogo-B have focused on its general role in regulating macrophage responses, including increasing chemokine-mediated monocyte/macrophage migration and infiltration, reducing the extent of ischemic injuries, and promoting wound healing [17, 18] . Marin et al. have demonstrated a dramatic delay in the recruitment of macrophages in Nogo-B-disrupted mice in vivo, consistent with the findings of Schanda et al. that Nogo-B deficiency is associated with reduced promotion of macrophage homing and functional recovery [17, 19] . Thus, it has been suggested that endogenous Nogo-B may be implicated in the control of macrophage activities and trafficking [20] . However, whether endogenous Nogo-B is associated with the regulation of macrophages in immune responses aroused by LPS is unclear.
In this study, we aim to further explore the role of Nogo-B in manipulating macrophage activity and uncover its possible mechanism. We have found an activated LPS-mediated immune response by Nogo-B via the TLR4/MAPK pathway, and our study therefore reveals a novel connection between Nogo-B modulation and immune response in macrophages.
Materials and Methods

Cell preparation, culture and transfection
The mouse macrophage cell line RAW264.7 was obtained from American Type Culture Collection and cultured in a Dulbecco modified Eagle medium (DMEM) (Gibco) in 10% fetal bovine serum (FBS) (Gibco) and a penicillin-streptomycin solution (100 U/mL penicillin, 100 ng/mL streptomycin) (Hyclone) in a humidified incubator containing 5% CO 2 at 37 °C. Macrophage RAW264.7 cells were seeded in a 24-well plate at a density of 1×10 5 cells per well and transfected with an INTERFERin siRNA transfection reagent according to the manufacturer's instructions. The sequence of the sense strand of Nogo-B siRNA was 5'-GGAUCUCAUUGUAUGCAUATT-3', and the antisense strand sequence was 5'-UAUGACUACAAUGAGAUCCAT-3'. Adenoviral vectors were constructed carrying Nogo-B with an RFP-3 flag tag (Ad-Nogo-B) or the RFP gene alone (Ad-RFP), as described in other studies [21] .
Reagents LPS derived from Escherichia coli (Cat. no. L4391) was purchased from Sigma. An adenovirus of Nogo-B was purchased from Heyuan Biology Inc. SiRNA for RTN4-B (Cat. no. SI01408512) was purchased from Qiangen. The INTERFERin siRNA transfection reagent was purchased from Polyplus. Fluorescein isothiocyanate (FITC)-conjugated mouse monoclonal antibodies against MHC I, MHC II, and TLR4 were purchased from eBioscience Inc. TNF-α, IL-1β, MCP-1, and TGF-β enzyme-linked immunosorbent assay (ELISA) kits were purchased from BD Bioscience.
Cell migration transwell assay
Before the experiment, cells treated with the Nogo-B adenovirus or siRNA were collected and counted, and 2×10
4 cells were seeded in 200 μL of serum-free DMEM in the upper chamber of a 24-well transwell migration system for migration (BD Biosciences), whereas 800 μL of 1 μg/mL LPS in DMEM with 10% FBS was added in the lower chamber. After 24 h (migration), inserts were removed, and cells on the upper surface were washed with PBS and scraped with a cotton swap. Cells were fixed with 100% ethanol for 20 min, followed by crystal violet staining. Stained inserts were cut and mounted on microscope slides. Images of migrating cells were taken using an inverted microscope (Olympus).
Immunofluorescence
Cells were incubated using primary antibodies followed by fluorophore-conjugated secondary antibodies. Detection was performed using Alexa Fluor 488 and 568 dyes, and cells were counterstained with DAPI.
Flow cytometric analysis
The expression of TLR4 and MHC I/II on the surface of RAW264.7 cells was analyzed via flow cytometry using anti-mouse antibodies. Cells were incubated with phycoerythrin-labeled antibodies against mouse TLR4 or MHC I/II (eBioscience) for 30 min on ice, washed, and analyzed in a FACSCalibur flow cytometer (BD Biosciences). Data was analyzed using CellQuest software (BD Biosciences) to assess the mean fluorescence intensity.
Western blot and Enzyme-linked Immunosorbent Assay
Cells were lysed in a sodium dodecyl sulfate (SDS) sample buffer by adding one third the volume of a 4×SDS sample buffer directly into the cell suspensions. The samples were then boiled for 5 min, and 20 μg was loaded onto 12% SDS-polyacrylamide gels and transferred to polyvinylidene fluoride (PVDF) membranes at 200 mA for 2 h. Western blotting was performed as described in previous studies [22] . TNF-α, MCP-1, IL-1β, and TGF-β concentrations in cell culture supernatants were measured using murine cytokinespecific Quantikine ELISA kits.
Statistical analysis
Data was expressed as mean ± SD, and statistical analysis was performed via a t-test or one-way analysis of variance. A p value less than 0.05 was considered statistically significant.
Results
Nogo-B Expression Shows a Time-and Dose-Dependent Down-regulation by LPS in RAW264.7 Macrophages
Nogo-B has been found to be critical for monocyte-derived macrophage recruitment in cases of acute inflammation. In our previous study, we found that the up-regulation of Nogo-B increased the production of MCP-1 and alveolar macrophages in the alveolar space [22] [23] [24] . We have used macrophage cell line RAW264.7 to investigate the interaction between LPS and the expression of Nogo-B protein using a western blot in a time-and dosedependent manner during LPS stimulation and have shown that the expression of innate Nogo-B protein was significantly reduced. The reduction was proportional to the increase in LPS concentration from 1 ng/mL to 1 μg/mL after 12 h (Fig. 1A) . Further reduction was observed after 24 h (Fig. 1B) . Accordingly, regarding time course behavior, Nogo-B levels reduced gradually after LPS administration at the dose of 1 μg/mL and continued to decline Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry with time, with no further decrease after 24 h (Fig. 1C) . We chose a dose of 1 μg/mL and a time point of 24 h as the standard according to which we would perform the following experiments. Taken together, these results show that macrophage RAW264.7 expresses Nogo-B endogenously and that Nogo-B levels are highly associated with LPS administration, indicating the potential role of Nogo-B in the regulation of TLR4 signaling.
Nogo-B Facilitates Cytokine production and cell migration
To further explore Nogo-B-related inflammatory response, we transfected RAW264.7 cells with an adenoviral vector carrying the Nogo-B gene with an RFP-3 flag tag, which showed a successful transfection as proven via immunofluorescence and a western blot (Fig.  7A-B) . We observed a fast secretion of TNF-α after Nogo-B overexpression at the time point of 3 h after administration of LPS at 1 μg/mL, which recovered to the baseline after 6 h, with no great difference in cytokine IL-1β levels ( Fig. 2A-B) . The production of MCP-1 showed a descending trend after LPS exposure, although the overexpression group was still higher than the control cells (Fig. 2C) . The expression of TGF-β notably increased after 24 h and continued to increase until 48 h compared to the control group (Fig. 2D) .
We silenced the expression of Nogo-B using a stable transfection vector with Nogo-B siRNA to further evaluate the inflammatory cytokines in Nogo-B-null cells. Nogo-B expression was significantly suppressed by Nogo-B siRNA but not by corresponding scrambled controls (Fig. 6A) . We observed a decreased secretion of cytokine TNF-α in both groups 3 h after treatment with 1 μg/mL LPS. However, compared to the control group, TNF-α was more depressed in Nogo-B-deficient cells (Fig. 3A) . Additionally, the productions of IL-1β, MCP-1, and TGF-β in the NOGOi group were all inhibited after LPS treatment even though each cytokine was stimulated with LPS ( Fig. 3B-D) .
We next examined cell migration ability via a transwell assay. Our results suggest that Nogo-B transfection enhances the migration ability of RAW264.7 cells by a factor of 1.8 after 24 h (Fig. 4A-B) . However, the number of macrophage cells was over 30% lower in
Nogo-B enhances the Antigen-Presenting and Scavenging Capacities of Macrophages
To establish the effects of Nogo-B on the antigen-presenting capacity of macrophages and on MHC I and II expression, a western blot and flow cytometry were conducted after LPS exposure using the aforementioned constructs overexpressing or silencing Nogo-B. The physiological function of MHC I mainly mediates the presentation of endogenous antigens, whereas MHC II presents exogenous antigens. MHC II expression increased significantly along time after overexpression of Nogo-B, which peaked at 12 h and then dropped as time lapsed (Fig. 5A ). As presented in Fig. 5B , we observed a similar trend of more suppression in the absence of Nogo-B. However, there was no significant difference in MHC I expression between the two groups (data not shown).
To further determine the effects of Nogo-B on the phagocytic capacity of macrophages, we measured the expression of MSR1 after LPS administration. As shown in Fig. 5C , MSR1 expression peaked at 24 h and then began to decrease. Next, we overexpressed Nogo-B and observed that MSR1 expression was enhanced after LPS exposure at 24 h (Fig. 5D) . Accordingly, this protein declined with a lack of Nogo-B (Fig. 5E ). These findings show that Nogo-B exerts a positive effect on antigen presentation and might influence phagocytic capacity in RAW264.7.
Nogo-B Affects Cell-Surface Expression of TLR4 and Regulates MAPK Pathway Activation
Mechanistically, we attempted to determine whether Nogo-B affects TLR4 expression and further regulates the functional integrity of intracellular signal pathway MAPKs. We monitored changes to TLR4 on the surface of RAW264.7 after knocking down the Nogo-B and discovered that the mean fluorescence intensity of TLR4 in the NOGOi group decreased in 30 min, reaching a minimum at 60 min and remaining lower than the baseline 90 min after LPS simulation (Fig. 6B) . We then analyzed the subsequent phosphorylation proteins activated by either MYD88 or non-MYD88 (TIR-domain-containing adapter-inducing interferon-β)-dependent pathways to establish how Nogo-B may affect TLR4-mediated downstream signaling. The activation of extracellular-regulated kinase 1 and 2 (ERK1 and ERK2) was altered to a lesser extent after Nogo-B knockdown compared to the control siRNAtransfected RAW264.7 cells by LPS stimulation (Fig. 6D) . Similarly, the phosphorylated forms 
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of c-Jun N-terminal kinase (JNK) and p38 were also inhibited, usually peaking at 30 min. Analysis of LPS-induced MYD88 and p-IRF3 was demonstrated in the same responses (Fig. 6C) . Additionally, we observed the impaired degradation of phosphorylated I-κB, which further inhibited the activation of NF-κB, consistent with the decreased secretion of cytokines.
To further ascertain how Nogo-B mediates the regulation of TLR4 pathways in macrophages, we overexpressed the Nogo-B protein, which increased TLR4 surface expression and prevented TLR4 down-regulatory effects from LPS exposure within 60 min (Fig. 7C) . The phosphorylation levels of ERK1/2, JNK, and p38 were significantly enhanced, and the expression of MYD88, p-IRF3, and p-IκB was activated, consistent with the consequences of an enhancement of inflammatory cytokines (Fig. 7D-E) . Taken together, this data indicates that Nogo-B is essential for optimal surface expression of TLR4, which further modifies LPS-initiated activation of the MAPK pathway, eventually supporting the notion that Nogo-B regulates TLR4 signaling pathways in the presence of LPS.
Discussion
Nogo-B is one of the three main isoforms of RTN-4 who belongs to the big family of Reticulons which share a common C-terminal domain. The other two members of RTN-4 are Nogo-A and -C. In these three proteins, Nogo-A protein is more known as a potent neurite outgrowth inhibitor of high molecular mass mainly expressed in white-matter oligodendrocytes and myelin, playing a variety of roles in neurodegenerative diseases [25] . Therefore, Nogo-A presents close association with neurodegenerative diseases more than Nogo-B. In addition, as a splice variant of Nogo-A, Nogo-B is highly expressed in immune cells in the lung, especially in macrophages and more involved in the regulation of apoptosis, remodeling of vasculature and tissue repair as well as the inflammation process. Thus, we focus this study on revealing the mechanism of Nogo-B in responding acute inflammation in Lung disease. We have examined the effects of Nogo-B expression on the regulation of inflammatory responses in mouse macrophage cell line RAW264.7 after LPS exposure. We have shown that Nogo-B positively regulates TLR4 expression and initiates the release of cytokines and chemokines during LPS treatment. In addition, we have demonstrated a strong correlation between the Nogo-B protein and cell migration, which suggests that Nogo-B is essential for the recruitment of microphages during LPS administration. Furthermore, Nogo-B expression regulates MHC II cell-surface expression in macrophages, promoting an antigenpresenting ability and activating the acquired immune system. Therefore, loss of Nogo-B in macrophages may cause a defect in immune responses. However, the exact mechanisms underlying the ability of Nogo-B to regulate macrophages are yet to be understood.
We have found that Nogo-B enhances the secretion of cytokines such as TNF-α, IL-1β, and MCP-1, which is consistent with the findings of Di Lorenzo et al. that the loss of Nogo-B in macrophages reduces innate immune response [26] . Studies have shown that inhibiting MCP-1 causes capillary-alveolar barrier damage and reduces the recruitment of macrophages [27] [28] [29] . Given the important and protective role of MCP-1 in inflammatory diseases, this may explain why the overexpression of Nogo-B enhanced the migration abilities of RAW264.7 cells in our study. We have also reported a gradual increase in TGF-β expression concomitant with a decrease in TNF-α. This shift from pro-inflammatory to antiinflammatory cytokine expression may signal the start of tissue repair and regeneration. Likewise, the high expression of MSR1 could indicate that Nogo-B might intensify the competence of the phagocytosis of invading bacteria or apoptotic inflammatory cells, inducing an anti-inflammatory phenotype of macrophages (M2 phenotype, alternatively activated macrophages) [6, 30, 31] . However, the surface expression of MSR1 is an indirect tool to test phagocytic behavior. Further experiments must be conducted.
In addition, macrophages are involved in triggering the response of the adaptive immune system by processing and presenting antigens [5] . Nogo-B deficiency is associated with decreased MHC II expression, indicating a diminished capacity to scavenge and present exotic antigens. MHC II, designed to firmly bind with and present fragments of exogenous antigens to T cells, is primarily expressed on antigen-presenting cell surfaces, including macrophages, B cells, and DCs [32] . In the present study, Nogo-B up-regulated MHC II expression, demonstrating that Nogo-B might promote the antigen-presenting ability of macrophages to exogenous antigens. However, the expression of MHC I, which mainly mediates the presentation of endogenous antigens, was not much different. These findings suggest that Nogo-B is involved in initiating innate responses as well as adaptive immune responses via the processing and presentation of antigens.
TLRs are abundantly expressed in macrophages and play an important role in Gramnegative sepsis or artificial LPS exposure to trigger the innate immune system [33, 34] . Specifically, TLR4 is essential for the opsonization of LPS, a physiologic membrane-bound component of the outer membrane of Gram-negative bacteria. The regulation of TLR function has been the subject of intensive research. Studies have suggested that some RTN family members could play roles in protein transport from the ER to other membrane compartments, including the cell membrane [35] . For example, RTN2B could enhance the trafficking of glutamate transporter EAAC1 from the ER to the cell surface. In addition, RTN2 is also involved in the ER morphogenesis which may cause axon-degenerative disorder such as hereditary spastic paraplegias in the mutation or abnormal status of this protein [25] . Recently, Nogo-B has also been identified as a positive molecule modifying the trafficking of nucleic acid-sensing TLRs [36] .
In the present study, we have found that Nogo-B can increase the surface expression of TLR4 and activate the down-stream MAPK signaling pathway. However, whether Nogo-B regulates TLR4 signaling in macrophages, such as with nucleic acid-sensing TLRs, by replenishing TLR4 from the ER to the plasma membrane remains to be explored [37] . The MAPKs are a family of serine/threonine kinases consisting of extracellular-regulated kinase, JNK/stress-activated protein kinase (SAPK), and p38 MAPK, which is fundamentally associated with numerous changes in cell function, including cytokine expression, proliferation, and apoptosis [38] [39] [40] . Recent studies have discovered that Nogo-B can undergo Ser phosphorylation in vitro through the SAPK2/p38 pathway, which suggests Nogo-B may be involved in the biological roles of MAPK pathways [41] . In our study, Nogo-B activated the phosphorylation of MAP kinases (p38, JNK, and ERK) simultaneously. At the upstream of NF-κB, we checked the degradation of phosphorylated I-κB, which was positively influenced by Nogo-B and may further cause NF-κB transcriptional activities, while more specific mechanisms remain unknown.
In conclusion, our data demonstrates the function and possible mechanism of Nogo-B in modulating macrophages' mediated immune responses through TLR4/MAPK signaling pathways. Further studies are required to detail the molecular mechanisms of the trafficking of TLR4s in the regulation of Nogo-B.
